Effect of calcium ions and pH on the structure and rheology of carrot-derived suspensions by Moelants, Katlijn et al.
Accepted Manuscript
Effect of Calcium Ions and pH on the Structure and Rheology of Carrot-Derived
Suspensions
Katlijn R.N. Moelants, Ruth Cardinaels, Kaat De Greef, Eva Daels, Sandy Van
Buggenhout, Ann M. Van Loey, Paula Moldenaers, Marc E. Hendrickx
PII: S0268-005X(13)00247-6
DOI: 10.1016/j.foodhyd.2013.08.004
Reference: FOOHYD 2334
To appear in: Food Hydrocolloids
Received Date: 25 March 2013
Revised Date: 1 August 2013
Accepted Date: 7 August 2013
Please cite this article as: Moelants, K.R.N., Cardinaels, R., De Greef, K., Daels, E., Van Buggenhout,
S., Van Loey, A.M., Moldenaers, P., Hendrickx, M.E., Effect of Calcium Ions and pH on the
Structure and Rheology of Carrot-Derived Suspensions, Food Hydrocolloids (2013), doi: 10.1016/
j.foodhyd.2013.08.004.
This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to
our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
-
- -
- -
-
Effect of Ca2+ 
addition ?
++
pectin
carrot-tissue
particle
++
++
Carrot-derived suspension
 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
Effect of Calcium Ions and pH on the Structure and Rheology of 1 
Carrot-Derived Suspensions 2 
Katlijn R.N. Moelantsa, Ruth Cardinaelsb, Kaat De Greef, Eva Daels, Sandy Van 3 
Buggenhouta, Ann M. Van Loeya, Paula Moldenaersb and Marc E. Hendrickxa,1 4 
a
 Laboratory of Food Technology and Leuven Food Science and Nutrition Research Centre 5 
(LFoRCe), Department of Microbial and Molecular Systems (M2S), KU Leuven, Kasteelpark 6 
Arenberg 22, PB 2457, 3001 Leuven, Belgium 7 
b Soft Matter, Rheology and Technology, Department of Chemical Engineering, KU Leuven, 8 
Willem de Croylaan 46, PB 2423, 3001 Leuven, Belgium 9 
                                                 
1
 Corresponding author  
Tel: +32 16 321572 
Fax: +32 16 321960 
E-mail: Marc.Hendrickx@biw.kuleuven.be  
 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
 10 
Abstract 11 
In the present work, the role of calcium ions (Ca2+) in the rheological behaviour of carrot-derived 12 
purées was investigated. Therefore, purées based on carrots containing pectin with different 13 
degree of methoxylation were prepared and the effects of Ca2+ addition in excess on the 14 
rheological properties of these purées were studied at different pH. More specifically, it was 15 
assessed if the purée stiffness and strength could be influenced by Ca2+ addition. Ion addition 16 
caused a decrease in both network stiffness and strength, in particular at pH values above 4.5. By 17 
separating the particle phase from the serum, and characterizing the rheology of both phases as a 18 
function of pectin degree of methoxylation, Ca2+ addition in excess and pH, it was concluded 19 
that the particle phase rather than the serum phase is affected by ion addition. Immunolabeling of 20 
the carrot-derived particles with anti-pectin antibodies showed the presence of non-methoxylated 21 
residues at the particle surfaces, which will be charged at specific pH. Hence, the calcium ions 22 
may compress the electrical double layer around the particles whereby they can approach each 23 
other more closely. The latter mechanism was confirmed by the relation between the phase 24 
volume and the rheological parameters. Rather than being involved in Ca2+ cross-link formation 25 
thus enhancing the pectin network in carrot-derived purées, it turned out that Ca2+ screens the 26 
negatively charged pectin at the surface of the particles whereby the rheological characteristics 27 
of these suspensions, such as the yield stress and storage modulus, are reduced and the flow is 28 
facilitated. 29 
  30 
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 34 
Abbreviations 35 
Ca2+, calcium ions; DM, degree of methoxylation; FITC, fluorescein isothiocyanate; GalA, 36 
galacturonic acid; HM, high-methoxylated; HT, heat treatment; LM, low-methoxylated; MM, 37 
molar mass; MPBS, phosphate-buffered saline containing 5% milk powder; PBS, phosphate-38 
buffered saline; PME, pectin methylesterase 39 
 40 
 41 
1. Introduction 42 
Pectin is a collection of galacturonic acid (GalA) containing polysaccharides present in the cell 43 
wall of mainly dicotyledonous plants (Thakur et al., 1997). It is traditionally applied as gelling 44 
agent in jams and jellies, but nowadays its application is extended to a wide range of food 45 
products in e.g. dairy and soft-drink industry (May, 1990). GalA, present in the backbone of this 46 
macromolecule, can be methoxylated. The degree of methoxylation (DM) is defined by the 47 
amount of methylesters occurring on these GalA residues of the backbone. Pectins can be 48 
divided in high-methoxylated (HM) pectins with a DM > 50% and low-methoxylated (LM) 49 
pectins with a DM < 50%. HM pectin is able to from a network in the presence of high sugar 50 
concentrations and a pH below 4. LM pectin, on the other hand, can form a gel in the presence of 51 
divalent or trivalent ions, such as calcium ions (Ca2+), and optimally at pH values well above the 52 
pKa of GalA since the carboxyl groups are dissociated under these conditions (Morris et al., 53 
1982; Thakur et al., 1997; Thibault & Ralet, 2003). In Ca2+ pectin gelation, adjacent pectin 54 
chains containing contiguous non-methoxylated GalA residues are cross-linked via Ca2+ bridges 55 
as described by the egg-box model (Grant et al., 1973; Powell et al., 1982). Consequently, only 56 
non-methoxylated portions of the pectin backbone can be involved in Ca2+ cross-link formation. 57 
It was already frequently demonstrated that gelling properties of pectins strongly depend on their 58 
DM (Fraeye et al., 2010). Beside DM, other pectin properties as e.g. the polymer average molar 59 
mass (MM) and the methyl ester distribution pattern were shown to play an important role in 60 
Ca2+ pectin gelation (Ström et al., 2007; Fraeye et al., 2009; Ngouémazong et al., 2012a; 61 
Ngouémazong et al., 2012c). In addition to intrinsic parameters, also system conditions as e.g. 62 
pectin concentration, ion concentration or pH turned out to influence Ca2+ pectin network 63 
formation (Fraeye et al., 2009; Fraeye et al., 2010; Ngouémazong et al., 2012a). Although the 64 
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effect of Ca2+ addition is well investigated in pectin/H2O systems, studies investigating the 65 
effects of Ca2+ addition in pectin containing plant-tissue-based food purées are currently missing. 66 
These suspensions consist of plant-tissue-based particles in a continuous serum phase with 67 
(among others) pectin, sugars and organic acids solubilised in it (Rao, 1987; Anthon et al., 2008). 68 
Pectin at the particle surfaces or in the serum of plant-tissue-based food suspensions can be 69 
charged, leading to electrostatic interactions between the plant-tissue-based particles. Besides the 70 
possible effect of divalent ions on the gelling properties of pectin, the presence of ions may also 71 
screen the electrostatic charges causing changes in the rheological properties of plant-tissue-72 
based food suspensions. In this context, Whittenberger and Nutting (1958) and Redgwell et al. 73 
(2008) reported a decrease in the viscosity of cell-wall suspensions when electrolytes were 74 
added.  75 
In the present study, the effects of calcium ion addition in excess on the rheology of carrot-76 
derived suspensions were investigated. These suspensions were prepared from carrot tissue 77 
containing especially HM pectin (cf. HT1) as well as from carrot tissue with especially LM 78 
pectin (cf. HT2). The pH of the suspensions was adjusted to pH 3, 5 or 7, meaning beyond, 79 
somewhat higher than and well above the pKa value of GalA, respectively (Ralet et al., 2001) to 80 
influence among others conversion of pectin into pectinate and vice versa. More severe alkaline 81 
or acidic conditions would lead to pectin changes (Van Buren, 1979; Voragen et al., 2009; Sila et 82 
al., 2009) and would be irrelevant for food applications. Although carrots contain an intrinsic 83 
amount of Ca2+, extra Ca2+ was added to a part of the samples, more than sufficient to saturate all 84 
COO- groups (estimated from the GalA amount and the DM of the carrots) present on the carrot 85 
pectin. Since pectin is present in both the serum and particle phases, Ca2+ addition may affect 86 
both particle and serum characteristics. Although many investigations on the effect of Ca2+ 87 
addition to gelation of pectin solutions were performed, little is known about the role of Ca2+ in 88 
plant-tissue-based purées containing intrinsic pectin.  89 
The obtained knowledge would allow industry to tailor the rheological properties (and 90 
mouthfeel) of vegetable-based food suspensions by utilizing the structure determining role of 91 
pectin intrinsically present in vegetables rather than adding commercial pectin. 92 
 93 
 94 
2. Materials and methods 95 
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2.1 Plant material and preparation of carrot purée from carrot tissue with low and high degree of 96 
methoxylation 97 
Fresh carrots (Daucus carota cv. Nerac) were purchased from a local supplier in Belgium and 98 
stored at 4 °C until further use. Carrots were peeled, cut into pieces and vacuum-packed in 99 
plastic bags to avoid loss of solubilised pectin in the heating medium. A part of the vacuum-100 
packed pieces was heated in a temperature-controlled water bath at 95 °C for 5 min (to inactivate 101 
intrinsic enzymes) (referred to as HT1). The other part was first pretreated at 60 °C for 24 h (to 102 
stimulate pectin methylesterase (PME) activity) whereafter intrinsic enzymes were inactivated at 103 
95 °C for 5 min (referred to as HT2). After the heat treatment, samples were immediately cooled 104 
in an ice water bath. HT1 and HT2 were designed to obtain pectin with a different DM. 105 
Subsequently, heat-treated carrot pieces were mixed with deionised water in a 1:1 ratio to 106 
facilitate the blending process, which was performed during 1 min using a kitchen blender 107 
(Waring blender 7010G, Torrington, CT, USA), resulting in a pulp percentage of 50 wt.%. The 108 
two different carrot blends were further disintegrated with a high-pressure homogeniser (Panda 109 
2K, Gea Niro Soavi, Mechelen, Belgium) at 100 MPa to obtain two carrot purées differing only 110 
in the applied heat treatment, and consequently in degree of methoxylation.  111 
The preparation of both carrot purées with different DM was repeated twice using different 112 
batches of carrots from the same variety. For the carrot purées prepared after receiving HT2, 113 
batch differences turned out to be more outspoken. Hence, for HT2 a third preparation was 114 
carried out. 115 
 116 
2.2 Preparation of carrot purées with different pH and amount of Ca2+ 117 
Carrot purées with different DM were prepared as described in Section 2.1. Extrinsic calcium 118 
ions (6.7 mL of 5.1 M CaCl2·2H2O solution for 100 mL purée) were added to a part of both 119 
purées. ). Samples were well mixed to assure a homogeneous Ca2+ distribution. Subsequently, 120 
the pH of the resulting carrot purées was adjusted to pH 3, 5 and 7 with 1 M HCl or 1 M NaOH. 121 
The 12 original carrot purées with different DM of pectin, pH and amount of Ca2+ were stored at 122 
4 °C until further analysis (maximally one week). Fig. 1 gives a schematic overview of this 123 
preparation process. 124 
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To study the effect of ionic strength on the rheological properties of carrot-derived purées (only 125 
for HT2), the ionic strength of carrot-derived purées with a pH of 5 was adjusted by the addition 126 
of CaCl2 or NaCl solutions with different ion concentration. 127 
 128 
2.3 Preparation of reconstituted carrot-derived suspensions with different pH and amount of Ca2+ 129 
Carrot purées with two different DM were prepared as described in Section 2.1. Subsequently, 130 
using the carrot purées of the first batch, the carrot pulp was separated in particle fractions with 131 
different particle sizes by using the technique of wet sieving (Retsch, Aartselaar, Belgium) with a 132 
set of sieves with pore sizes of 40, 80, 125, 250, 500 and 1000 µm. Pulp was drained over a filter 133 
(Macherey-Nagel 615 ¼, pore size of 8 µm) to remove excess water until constant weight was 134 
reached. Part of each sieve fraction, intended for microscopic investigation, was preserved in 135 
70% ethanol. The remaining pulp was reassembled such that the mass percentage of each particle 136 
fraction was the same as in the particle phase of the original purées. Subsequently, the pulp was 137 
reconstituted with deionised water (50 wt.%, as in the original carrot purée). Extrinsic Ca2+ ions 138 
(6.7 mL of 5.1 M CaCl2·2H2O solution for 100 mL purée) were added to one part of both 139 
reconstituted suspensions with different DM. Samples were well mixed to assure a homogeneous 140 
Ca2+ distribution. Subsequently, the pH of the resulting reconstituted suspensions was adjusted to 141 
pH 3, 5 and 7 with 1 M HCl or 1 M NaOH. This resulted in 12 reconstituted suspensions with 142 
different pectin DM, pH and amount of Ca2+. In Fig. 1, this preparation process is schematically 143 
shown. 144 
 145 
2.4 Preparation of carrot sera with different pH and amount of Ca2+ 146 
Part of the carrot purées with pectin of different DM, prepared as described in Section 2.1, were 147 
centrifuged for 30 min at 12400 × g at 20 °C and the obtained supernatant was vacuum-filtered 148 
(MN 615, pore size of 8 µm) to separate the pulp from the serum phase, based on the procedure 149 
of Caradec et al. (1985). Extrinsic Ca2+ ions (1 g CaCl2·2H2O for 10 mL serum) were added to 150 
half of the samples. Ca2+ ions were added in excess to assure saturation of all COO- groups 151 
present on the serum pectin. Subsequently, the samples were well mixed to obtain a 152 
homogeneous Ca2+ distribution. The pH of the resulting sera was adjusted to pH 3, 5 and 7 with 153 
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1 M HCl or 1 M NaOH. This resulted in 12 sera with different pectin DM, pH and amount of 154 
Ca2+. The preparation of different carrot sera starting from carrot purée is shown in Fig. 1. 155 
 156 
2.5 Determination of the degree of methoxylation of carrot purée 157 
The DM of pectin in each purée (prepared as described in section 5.2.1) was estimated as the 158 
ratio of the molar amount of methoxyl groups to the molar amount of GalA. First, the cell wall 159 
material was isolated as an alcohol-insoluble residue (AIR), based on the method described by 160 
McFeeters and Armstrong (1984). Approximately 30 g of carrot purée was homogenised in 192 161 
mL 95% (v/v) ethanol using a mixer (Buchi mixer B-400, Flawil, Switzerland). The suspension 162 
was filtered (MN 615, pore size of 8 µm) and the residue was rehomogenised in 96 mL 95% 163 
(v/v) ethanol. After another filtration step, the residue was homogenised in 96 mL acetone. A 164 
final filtration resulted in the AIR which was dried overnight at 40 °C, ground using a mortar and 165 
pestle and stored in a desiccator until further use.  166 
An estimate of the GalA content was obtained through hydrolysis of the pectin in AIR with 167 
concentrated sulphuric acid (Ahmed & Labavitch, 1978) followed by quantification of the GalA 168 
in solution according to the spectrophotometric method described by Blumenkrantz and Asboe-169 
Hansen (1973). To estimate the methoxyl content, the ester-bonds of pectin in AIR were 170 
hydrolysed by an alkaline treatment using 2.0 M NaOH (Ng & Waldron, 1997) followed by 171 
quantification of the released methanol according to the spectrophotometric method of Klavons 172 
and Bennett (1986). The respective hydrolyses were performed in duplicate for both procedures 173 
and three colorimetrical analyses were carried out for each hydrolysate. 174 
 175 
2.6 Determination of the calcium concentration in carrot purée 176 
The amount of calcium intrinsically present in carrot purée was determined by titration with the 177 
chelating agent ethylenediaminetetraacetic acid (EDTA). For both carrot purées (prepared as 178 
described in section 5.2.1), 1 g of purée was added to a flask of 100 ml and diluted with 179 
deionised water. 90 mL of the diluted purée was mixed with 10 mL 1 M NaOH and a pinch of 180 
NaCl-murexide. Subsequently, the calcium concentration in the purée was determined by EDTA 181 
titration (0.001 M). 182 
 183 
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2.7 Rheological characterisation of the carrot-derived suspensions  184 
The rheological properties of the suspensions were measured with a stress-controlled rheometer 185 
(MCR 501, Anton Paar, Graz, Austria) at 25 °C. A six-bladed vane geometry with a diameter of 186 
22 mm and a height of 16 mm was used to avoid wall slip. Approximately 50 mL of sample was 187 
loaded into a cup with 28.92 mm diameter. As it is known that a shear rate distribution occurs by 188 
the use of a vane geometry, all the shear rates indicated are representative shear rates. Because of 189 
the relatively short duration of each measurement (i.e. 20-30 min), evaporation was considered 190 
negligible and no significant sedimentation was noticeable. To avoid the effect of loading history 191 
on the structure, samples were presheared for 1 min at a shear rate ( ) of 100 s-1 followed by 2 192 
min of rest (  = 0 s-1) before all measurements. Heating (10 min at 80 °C) the samples prior to or 193 
immediately after Ca2+ addition before measuring rheology and during the preshear step did not 194 
result in the expected increase in gel strength of the samples investigated in this study. 195 
The rheological characteristics of the suspensions were studied by the execution of steady-shear 196 
tests (for the estimation of viscosity and yield stress) and small amplitude oscillatory tests (to 197 
study the viscoelastic behaviour). The shear rate ramp, stress ramp, strain and frequency sweep 198 
were performed as described by Moelants et al. (2013a). The flow curves (shear stress versus 199 
shear rate: σ = f( )) and the viscosity curves (viscosity versus shear rate: η = f( )) were 200 
measured by decreasing shear rate linearly from 100 to 0.1 s-1. Each shear rate was applied to the 201 
sample for 20 s and it was verified that steady-state viscosities were obtained in this way. The 202 
static yield stress was determined by the conduction of a stress ramp test starting from 0.1 Pa 203 
until the yield stress was reached. In total, 40 measuring points per decade of the shear stress 204 
were obtained and each shear stress was applied for 10 s. For each sample, an oscillatory strain 205 
sweep test was carried out at an angular frequency of 10 rad/s to establish the range of linear 206 
viscoelastic response. A frequency sweep test was performed at a constant strain amplitude of 207 
0.1% (within the linear viscoelastic region) from 100 to 0.1 rad/s to determine the frequency 208 
dependence of G’ and G” of the suspensions. 209 
All measurements were performed in duplicate. For each measurement, a fresh sample was 210 
loaded into the cup.  211 
 212 
2.8 Determination of the phase volume of the carrot-derived suspensions 213 
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Samples (20 g) were centrifuged (Beckman J2-HS, Analis, Namen, Belgium) at 12900×g for 30 214 
min at 20 °C. The phase volume (φ) of the particles in each suspension was determined as: 215 
 φ (%) = [Mp/Mt] · 100%  (1) 216 
with Mp the mass of the precipitate (g wet weight) and Mt the total mass of the carrot-derived 217 
suspension before centrifugation (g wet weight), assuming that the density of the carrot-derived 218 
particles was almost equal to that of water. All determinations were carried out in duplicate. 219 
 220 
2.9 Determination of the degree of methoxylation of serum pectin 221 
The DM of the serum pectins was calculated for each serum sample as the ratio of the molar 222 
amount of methoxyl esters on the serum pectins to the molar amount of GalA residues. The 223 
determinations of the amounts of methoxyl esters and GalA residues were performed as 224 
described by Moelants et al. (2013b). In short, pectin was hydrolysed with concentrated sulfuric 225 
acid and the concentration of GalA was subsequently determined spectrophotometrically. For the 226 
determination of the amounts of methoxyl esters, pectin was saponified to pectate and MeOH 227 
whereafter the released amount of MeOH was measured using GC-MS. 228 
 229 
2.10 Analysis of the molar mass distribution of serum pectin 230 
The MM distribution of the polysaccharides present in the sera was assessed by high-231 
performance size exclusion chromatography as described by Moelants et al. (2013b). In short, 232 
the dialysed serum samples were analysed on an Äkta Purifier HPLC system, equipped with a 233 
mixed-bed column of Bio-Gel TSK using 0.05 M NaNO3 as eluens.  234 
 235 
2.11 Determination of kinematic viscosity of carrot sera 236 
The kinematic viscosity of the serum samples (and of several dilutions thereof) was measured 237 
using an Ubbelohde capillary viscometer (Ubbelohde, SI Analytics, Mainz, Germany) at 25 °C. 238 
Serum was brought into a reservoir and sucked through the capillary into the measuring bulb 239 
marked with two calibration lines. Subsequently, the serum was allowed to flow under gravity 240 
from the measuring bulb through the capillary to the reservoir and the time required for the 241 
serum to pass along two calibrated marks was used to calculate the kinematic viscosity. The 242 
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Hagenbach correction was used. All sera samples were analysed in triplicate with capillaries with 243 
different diameters. For all sera, the obtained viscosities were independent of the diameter of the 244 
capillary, which confirmed the absence of shear rate dependency and slip at the studied shear 245 
rates. The intrinsic viscosity [η] (L/g) was obtained as explained by Moelants et al. (2013b). 246 
 247 
2.12 Determination of particle surface characteristics related to pectin composition: 248 
Immunolabeling of pectic epitopes 249 
The sieve fraction 80-125 µm of both purées containing pectin with different DM, obtained after 250 
wet sieving (cf. Section 2.3) and fixed in 70% (v/v) ethanol, was selected for this microscopic 251 
investigation. Prior to immunolabeling, the ethanol was removed by centrifugation for 5 min at 252 
22 °C and 3000 g (Microfuge 22R Centrifuge, Beckman Coulter, Germany) and the pellet was 253 
washed two times with phosphate-buffered saline (PBS) (140 mM NaCl, 2.7 mM KCl, 8.0 mM 254 
Na2HPO4, 1.5 mM KH2PO4, pH 7.4). Immunolabeling of the carrot-derived particles was 255 
performed as described by Christiaens et al. (2011). The washed carrot-derived particles were 256 
incubated with primary antibody (diluted in PBS containing 5% milk powder (MPBS)) for 1 h 257 
and 30 min at room temperature. The primary antibodies JIM7 and 2F4 were used as 5-fold 258 
dilutions of hybridoma supernatant. PAM1 (PlantProbes, Leeds, United Kingdom) was used at a 259 
concentration of 20 µg/mL. Afterwards, a washing step in PBS was carried out. For the 260 
visualisation of JIM7 and 2F4, secondary labelling with an anti-rat Ig antibody and anti-mouse 261 
IgG antibody, respectively, coupled to fluorescein isothiocyanate (FITC) (Nordic Immunology, 262 
Tilburg, The Netherlands) was used. The secondary anti-rat antibody was diluted 1/20 in 3% 263 
MPBS, whereas the anti-mouse IgG antibody was diluted 1/50 in 3% MPBS. PAM1, on the other 264 
hand, was visualised using a three-stage labelling. After primary labelling, carrot-derived 265 
particles were subsequently incubated with an anti-polyhistidine antibody (Sigma–Aldrich, St. 266 
Louis, Missouri) and an anti-mouse IgG antibody coupled to FITC. Dilutions in MPBS of, 267 
respectively, 1/1000 and 1/50 were used. As control, samples without primary labelling also 268 
passed this entire labelling procedure. 269 
After a final washing step with PBS, particles were mounted in an anti-fade agent (Citifluor, 270 
Agar Scientific, Stansted, United Kingdom). Micrographs were taken using an Olympus BX-41 271 
microscope (Olympus, Optical Co. Ltd., Tokyo, Japan) equipped with epifluorescence 272 
illumination (X-CiteR Fluorescence Illumination, Series 120Q, EXFO Europe, Hants, United 273 
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Kingdom). Two droplets of the stained sample were placed on a glass slide and studied using an 274 
objective of 10× or 40× magnification.  275 
 276 
2.13 Statistical analysis of data 277 
Statistical analysis was performed using one way ANOVA (SAS, version 9.3, Cary, USA). To 278 
evaluate significant differences among the results of carrot purées with different thermal 279 
pretreatment, amount of Ca2+ and pH, a post-hoc Tukey test was used. The level of significance 280 
was set at P < 0.05. 281 
 282 
 283 
3. Results and Discussion 284 
3.1 Influence of pH and Ca2+ on the rheological properties of original carrot purées 285 
In a first set of experiments, it was investigated if the rheology of carrot purées (derived from 286 
low- and high-methoxylated tissue) can be influenced by Ca2+ addition in excess. To start, the 287 
Ca2+ concentration intrinsically present in carrot purée was measured and compared to the 288 
amount of non-methoxylated carboxyl groups. Results are represented in Table 1.  289 
The amount of Ca2+ intrinsically present in carrot purée prepared from carrots containing 290 
especially HM pectin was similar to the amount of non-methoxylated carboxyl groups, meaning 291 
enough Ca2+ ions are intrinsically present to make Ca2+ cross-linking possible in these systems 292 
(under appropriate pH conditions). Since the amount of non-methoxylated carboxyl groups was 293 
somewhat higher in carrot purée prepared from carrots containing especially LM pectin, it can be 294 
expected that the addition of extra Ca2+ to this purée will result in additional Ca2+ cross-link 295 
formation and strengthening of the pectin network in the suspension.  296 
Subsequently, the effects of Ca2+ on the storage modulus (G’) and on the ratio of the loss 297 
modulus to the storage modulus (G”/G’ or tanδ) of carrot purées at different pH were 298 
investigated. G’ at low angular frequencies can be used as a measure for the network stiffness. 299 
Tanδ, on the other hand, gives insight into the network type (Steffe, 1996). A low-frequency 300 
plateau for G’ and G” was noticeable for all samples. In Fig. 2A, the effect of pH and Ca2+ on 301 
the low-frequency G’ value can be seen. Large error bars on the average G’ values of different 302 
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repetitions of the purée preparation are visible. These error bars originate from a rather limited 303 
reproducibility of purée preparation at different time instants possibly caused by large batch-to-304 
batch variations. Therefore, little significant differences between these values could be detected 305 
if results were compared as averages of the different repetitions of the purée preparation at 306 
different time instants. However, when the effect of pectin DM present in the carrot-derived 307 
purée, pH and Ca2+ addition on the value of G’ was investigated for each repetition of the sample 308 
preparation separately (data not shown), similar effects of these parameters were observed for all 309 
repetitions. Furthermore, the observed effects of pectin DM present in the carrot-derived purée, 310 
pH and Ca2+ addition were significant in some repetitions and non-significant for others. From 311 
Figure 2, it turned out that, for all purées, irrespective of pH and ion addition, G’ was affected by 312 
the heat treatment that was used during the preparation of the carrot purées (however, only for 313 
the purée at pH 5 without Ca2+ addition, the average G’ was significantly different for purée 314 
derived from high-methoxylated carrot tissue and purée derived from low-methoxylated carrot 315 
tissue). The different heat treatments resulted in a different DM of the carrot pectin (cf. Table 1). 316 
Since the characteristics of particles derived from carrot tissue containing LM pectin are 317 
expected to be more suitable for Ca2+ cross-link formation, the higher value of G’ can be 318 
possibly explained by an increase in Ca2+ cross-links in these purées as compared to the high-319 
methoxylated carrot purées. Also previous studies investigating the effect of DM on the value of 320 
G’ in calcium-pectin gels with pH 6, observed a decrease in G’ in function of DM (Ström et al., 321 
2007; Fraeye et al., 2009; Ngouémazong et al., 2012a). As demethoxylated carboxylic acid 322 
groups of pectin are not charged at pH 3, no Ca2+ cross-link formation was expected. However, 323 
Gilsenan et al. (2000) reported network formation under acidic conditions (pH < 3) for LM 324 
pectins with a DM < 30% in the absence of sugar. It was suggested that intermolecular hydrogen 325 
bonds between among others protonated and unprotonated carboxyl groups of different pectin 326 
chains gave rise to this network (Walkinshaw & Arnott, 1981). Secondly, it can be observed 327 
from Fig. 2A that whereas the effect of Ca2+ addition on G’ of high-methoxylated systems was 328 
rather limited, G’ of purées prepared from carrots containing LM pectin was reduced by adding 329 
Ca2+, especially at pH values above the pKa of GalA (valid for pH 5 or pH 7) (however, for a 330 
particular heat treatment and pH, the reduction in G’ induced by Ca2+ addition was not 331 
significant). The latter observation is not supporting the hypothesis that Ca2+ addition could 332 
enhance Ca2+ cross-link formation in plant-tissue-based suspensions. Since G’ can be used as a 333 
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measure for gel stiffness of the purée, this parameter was expected to be the highest for purées 334 
derived from carrot tissue containing LM pectin with a pH value above the pKa of GalA (pH 5 or 335 
pH 7) in the presence of sufficient Ca2+. Under the given conditions, negatively charged pectin is 336 
present possibly resulting in Ca2+ cross-link formation whereby the gel stiffness should be 337 
increased. However, at pH 5 and pH 7 G’ turned out to be the largest for purées derived from 338 
low-methoxylated carrot tissue without extra Ca2+ addition. By adding extra Ca2+ to these 339 
systems G’ was rather diminished instead of increased which is in contrast with the behaviour of 340 
pure Ca2+-pectin gels (Fraeye et al., 2009; Ngouémazong et al., 2012a; Ngouémazong et al., 341 
2012c)..  342 
The effect of pH and Ca2+ on tanδ is shown in Fig. 2B. For all purées, tanδ is between 0.09 and 343 
0.2, which indicates that all purées are predominantly elastic. Remarkably, the value of tanδ was 344 
the largest for systems derived from tissue containing LM pectin at pH 5 or 7 with Ca2+ addition. 345 
Again, the assumption that Ca2+ addition could enhance pectin gel formation is disputed by this 346 
latter observation. The latter observations suggest that Ca2+ addition results in a mechanism 347 
decreasing the network stiffness. Possibly, calcium ions screen the charges of the pectin 348 
polymers at the particle surface instead of acting as cross-linking agents (between particles or 349 
polymers in the serum) whereby the electrostatic repulsion between these polymers (and the 350 
particles) is lowered. When two particles approach each other their electrical double layers will 351 
overlap and they will repel each other. However, when the ionic strength of the dispersing 352 
medium increases (e.g. by adding calcium ions) there is a greater compression of the ionic 353 
atmosphere toward the particle surface whereby particles can approach each other more closely 354 
(Derjaguin & Landau, 1941). Shomer et al. (1991) already described the existence of such an 355 
electrical double layer in parenchymatous plant cell walls. Previously, Whittenberger and 356 
Nutting (1958) stated that insoluble pectin associated with the cellulose fibrils in the cell walls 357 
contributes to the electrostatic charge. They reported a decrease in viscosity of cell-wall 358 
suspensions when electrolytes, as e.g. NaCl or CaCl2, were added. Also Redgwell et al. (2008) 359 
observed a reduced viscosity of kiwifruit and tomato cell-wall-material dispersions in the 360 
presence of electrolytes indicating an important role of the electrical double layer in the 361 
rheological properties of these systems.  362 
In that view, the higher values of G’ for purées derived from low-methoxylated carrot tissue at 363 
pH 5 or 7 as compared to these of purées derived from high-methoxylated carrot tissue at the 364 
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same pH may be explained by the larger negative particle charge in the latter, causing repulsion 365 
between particles whereby G’ turns out to increase. 366 
Subsequently, the effects of Ca2+ addition in excess on the static (σ0S) and dynamic (σ0D) yield 367 
stress of carrot systems containing pectin with different DM and different pH were investigated 368 
and results are presented in Fig. 3. Whereas the former characterises the strength of the 369 
undisrupted structure in the purée, the latter is determined for a sample with a completely 370 
broken-down structure, often from extrapolation of flow curves to zero shear rate (Cheng, 1986). 371 
In Fig. 3A, trends in σ0S with changing pH and Ca2+ were similar as observed for the storage 372 
modulus (cf. Fig. 2). σ0S turned out to be larger for purées derived from low-methoxylated carrot 373 
tissue to which no extra Ca2+ was added as compared to σ0S of the purées derived from high-374 
methoxylated carrot tissue without extra Ca2+ addition (although, at a particular pH, no 375 
significant differences between the average σ0S of purées containing HM or LM pectin without 376 
extra Ca2+ could be detected). Again, the effect of Ca2+ addition on σ0S of high-methoxylated 377 
systems was rather limited and no significant effect of Ca2+ addition could be detected for these 378 
systems. Ion addition to purées prepared from carrots containing LM pectin resulted in a non-379 
significant reduction of the average σ0S, especially at pH 7. Results suggest that Ca2+ is possibly 380 
screening the negative charge of LM pectin, especially at pH values above the pKa of GalA, 381 
reducing the flow resistance of the carrot-derived suspensions. This LM pectin can be present at 382 
the particle surface as well as in the serum phase. Changes in the rheological properties with pH 383 
and Ca2+ could not be explained by the formation of Ca2+ cross-links between carrot pectin 384 
chains (located at the particle surface or in the serum phase). As demonstrated in a previous 385 
study on carrot-derived suspensions (Moelants et al., 2013a), σ0S is always larger than σ0D of a 386 
particular sample, meaning that the shear stress that is required to initiate flow is larger than the 387 
shear stress required to maintain flow at low shear rates. Fig. 3B clearly shows that trends in σ0D 388 
with changing pH and Ca2+ were similar but less outspoken as observed for σ0S.  389 
Previously, it was shown for carrot-derived suspensions that the ratios of σ0S to G’ and σ0S to σ0D 390 
were independent of the particle size (Moelants et al., 2013a). Here, these ratios turned out to be 391 
similar for the different heat treatments meaning that they were not affected by the DM of the 392 
pectin in the purées investigated here. Also Ca2+ addition was not affecting these ratios.  393 
From the results discussed so far, it turned out that Ca2+ is possibly screening negatively charged 394 
pectin, present at the particle surface or in the serum phase of carrot-derived suspensions 395 
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containing LM pectin. By increasing the ionic strength of the suspension, repulsions between 396 
suspension compounds can be reduced. In addition, reduction of internal repulsions in the plant 397 
cells could cause particle shrinkage. Hence, ion addition can result in a reduction of the volume 398 
that is occupied by the particles whereby the rheological parameters can be reduced.  399 
 400 
3.2 The influence of pH and Ca2+ on the rheological properties of carrot serum  401 
To obtain a better insight in the role of Ca2+ ions on the rheology of carrot-derived suspensions, 402 
the effect of calcium addition was investigated in both phases separately. It is known that the 403 
rheology of suspensions is determined both by the particle phase and the serum characteristics 404 
(cf. Einstein relation represented in Eq. 2) (Tanglertpaibul & Rao, 1987; Genovese & Lozano, 405 
2000), 406 
η = ηm (1 + [η]·φ)  (2) 407 
with η = the viscosity of the suspension, ηm = the viscosity of the continuous phase, [η] = the 408 
intrinsic viscosity and φ = the phase volume. 409 
Original carrot-derived purées were unravelled into particles and serum allowing the evaluation 410 
of the effect of Ca2+ addition on the rheology of both phases separately. In this way, it can be 411 
assessed if pH and Ca2+ are affecting the particle phase or the serum. Moreover, it was attempted 412 
to elucidate why ion addition resulted in a reduction of rheological parameters such as G’ and the 413 
yield stress instead of enhancing the network strength by Ca2+ cross-link formation between 414 
pectin chains. To start, the serum gelling ability and the effect of Ca2+ addition on the rheology 415 
of the serum phase were studied in more detail. If the serum pectin properties favour gelation, a 416 
Ca2+ cross-linked serum phase could be formed by Ca2+ addition, leading to a gelled continuous 417 
phase filled with plant-tissue-based particles. The pectin characteristics important for the gelling 418 
ability of the serum pectin are represented in Table 2. The GalA concentration in the serum 419 
phase (as measure for serum pectin concentration) of the investigated carrot purées was low due 420 
to limited pectin solubilisation. Fraeye et al. (2009) and Ngouémazong et al.  (2012a) used a 421 
more than 10 times higher pectin concentration to obtain a calcium pectin gel. However, apple or 422 
citrus pectin, having deviating pectin properties from carrot, was used in these studies. 423 
Nevertheless, the low serum pectin concentration can be responsible for the fact that also 424 
between the chains of solubilised serum pectin no pectin network was formed. Furthermore, the 425 
DM of the serum pectin was lower for serum obtained from carrots that received HT2 as 426 
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compared to carrots that were only blanched. Fraeye et al. (2009) observed that DM has to be 427 
low enough (<30%) for pectin to exhibit gel formation. To examine whether interactions 428 
between polymer chains are possible, a coil overlap parameter was calculated by multiplying 429 
Cpolymer (g/L) with [η]. Since the value of this latter parameter turned out to be smaller than one 430 
for the sera, irrespective of the heat treatment, no pectin entanglement and overlap is expected 431 
(Macosko, 1994). The results in Table 2 show that whereas HT2 produces pectin with an 432 
increased gelling capacity by lowering DM, it suppresses gelation in plant-tissue-based 433 
suspensions by reducing the coil overlap parameter. Thus, observations from Table 2 can explain 434 
the lack of stiffening of the purees after Ca2+ addition, as serum gelation is not expected. 435 
Previously, Peters et al. (1954) concluded that the effect of added calcium on the serum viscosity 436 
of tomato purée was dependant on the processing conditions (influencing pectin content in the 437 
serum) and Calgon addition (liberating especially LM pectin in the serum). An increase in serum 438 
viscosity was only observed for hot break tomato purée containing Calgon, explained by the 439 
rather high serum pectin concentrations and presence of LM serum pectin.  440 
Furthermore, the effect of pH and Ca2+ on the serum viscosity is presented in Fig. 4. The 441 
observed increase in serum viscosity after the addition of Ca2+ was most probably caused by an 442 
increase in serum solid content rather than by pectin gelation, as could be expected based on the 443 
low values of the coil overlap parameter (cf. Table 2). Moreover, the serum viscosity was low, 444 
especially for HT2 serum. The low serum viscosity is caused by a combination of the low pectin 445 
content Cpolymer, measured as GalA content, and the small MM of the serum pectin, represented 446 
in Table 2. Since the observed effects of Ca2+ addition and pH on the serum viscosity were rather 447 
small, it can be concluded that the observed changes in rheological properties of carrot purée 448 
induced by changing the pH and the amount of Ca2+ (cf. section 3.1) are most likely dominated 449 
by effects of those system conditions on the particle phase and not by changes on the level of the 450 
serum phase.  451 
 452 
3.3 The influence of pH and Ca2+ on the rheological properties of reconstituted carrot-derived 453 
suspensions  454 
Besides the effect of pH and Ca2+ on the rheological properties of the serum phase, the effect of 455 
these parameters on the structural properties of the particle phase was assessed. The surface 456 
characteristics of the particles were first investigated. Negatively charged pectin at the surface of 457 
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the particles is a prerequisite for both electrostatic particle interactions and Ca2+ cross-link 458 
formation. Both types of interactions can occur between the pectin on the surface of the carrot-459 
derived particles and pectin polymers solubilised in the serum phase or at the surface of other 460 
carrot-derived particles. Insight in the carrot-tissue particle surface characteristics was obtained 461 
by the use of a specific staining procedure. Particles originating from carrot purées with different 462 
DM obtained after HT1 and HT2 were labelled with antibodies towards pectin with very diverse 463 
degrees and patterns of methoxylation. Anti-pectin antibodies were proven to be suitable to 464 
visualise various in situ phenomena in processed plant tissue systems according to their binding 465 
specificities (Christiaens et al., 2011; Christiaens et al., 2012). In this study, cell clusters 466 
originating from the 80 to 125 µm particle fraction of the carrot purées with different DM (and 467 
pH 7) were selected for immunofluorescence labelling with JIM7, PAM1 and 2F4. Whereas 468 
JIM7 can be used as a general anti-pectin probe, PAM1 is specific for LM pectin. Localisation of 469 
Ca2+ cross-linked pectin is possible with the monoclonal antibody 2F4. Micrographs of the 470 
carrot-derived particles labelled with JIM7, PAM1 and 2F4 are presented in Fig. 5. JIM7 clearly 471 
labelled the cell wall of carrot-tissue particles obtained both after HT2 and HT1, meaning pectin 472 
is present at the surface of both types of particles. Labelling of carrot-tissue particles with PAM1 473 
was only successful in particles obtained after HT2. This indicates that only HT2 resulted in long 474 
blocks of non-methyl-esterified GalA residues at the surface of carrot-tissue particles. 475 
Consequently, in the low-methoxylated carrot-tissue particles Ca2+ cross-link formation will be 476 
more likely. The latter was confirmed by labelling with 2F4. Micrographs clearly show that 477 
whereas 2F4 labelling was rather rare in particles derived from high-methoxylated carrot tissue, 478 
Ca2+ cross-linked pectins were abundantly present in particles derived from low-methoxylated 479 
carrot tissue. Results from the performed immunofluorescence labelling demonstrate that surface 480 
characteristics of particles derived from low-methoxylated carrot tissue are suitable for Ca2+ 481 
cross-link formation. This leaves open the question if ‘Ca2+ ions will merely engage in the 482 
formation of intraparticle cross-links and screening of particle charges’ or if ‘Ca2+ cross-links 483 
between different particles or between pectin on the particles and serum pectin can be effectively 484 
formed and will consequently affect the rheology of carrot purées ?’.  485 
Therefore, the effect of Ca2+ addition in excess on the rheological properties of reconstituted 486 
carrot-derived suspensions (representative for the particle phase) was investigated. By using 487 
reconstituted carrot-derived suspensions instead of carrot purée, the effect of pH and Ca2+ on the 488 
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serum phase is eliminated and changes in rheological properties will be caused by the particle 489 
behaviour only. The effect of those system conditions on the rheological properties of 490 
reconstituted carrot-derived suspensions was studied and a selection of the data is shown in Fig. 491 
6. For the reconstituted purées, the trends in rheological parameters with changing pH and Ca2+ 492 
were comparable as observed for the original carrot purées (cf. Section 3.1), meaning that also in 493 
reconstituted carrot-derived suspensions, Ca2+ rather neutralises negative charges (reducing the 494 
hydrodynamic volume of an individual particle) than being involved in Ca2+ cross-link formation 495 
between pectin chains on different particles. For the formation of calcium-pectin networks, 496 
described by the egg-box model in which Ca2+ is chelated between the carboxyl groups of 497 
different pectin chains (Powell et al., 1982), pectin chains have to approach each other rather 498 
closely. Consequently, steric hindrance of large particles can possibly impede Ca2+ cross-link 499 
formation between pectin chains present on the particle surfaces. 500 
Changing pH and Ca2+ of the carrot purées investigated here turned out to affect the particle 501 
phase rather than leading to pectin gelation. The latter hypothesis is supported by the fact that 502 
trends in phase volume with changing pH and Ca2+ were similar as observed for the rheological 503 
properties of the different carrot purées and reconstituted suspensions. As example, the effect of 504 
pH and Ca2+ is shown for reconstituted carrot purée in Fig. 7. Previously, Husband et al. (1993) 505 
among others already demonstrated the dependency of the yield stress on particle volume 506 
fraction. Since stacking of particles is more compact in systems to which Ca2+ was added, it can 507 
be concluded that repulsion between charged particles can be partially removed by addition of 508 
Ca2+.  These ions compress the electrical double layer whereby the hydrodynamic volume of a 509 
particle is reduced. As consequence of the reduction of this volume, also the phase volume of the 510 
purée will decrease, resulting in a decrease in rheological parameters.  511 
 512 
3.4 Influence of ionic strength on the rheological properties of carrot purée 513 
As the previous results clearly show that the rheology of carrot purées as a function of pH and 514 
Ca2+ addition is dominated by screening of the charges on the particle surfaces due to the 515 
presence of ions, a correlation between puree rheology and ionic strength may be present. To 516 
assess the effects of ionic strength, Fig. 8 presents the value of G’ for carrot purées containing 517 
especially LM pectin with different ionic strengths at similar pH (pH = 5). The ionic strength 518 
was adjusted by the addition of NaCl or CaCl2 solutions with different ion concentrations. Since 519 
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the intrinsic amount of ions in carrot purée turned out to be negligible as compared to the amount 520 
of ions added to the suspension, the ionic strength of the purée without ion addition is 521 
represented as 0. When Na+ is added, G’ decreases monotonously with increasing ionic strength. 522 
In contrast to Na+ addition, Ca2+ addition did not result in an unambiguous decrease of G’ with 523 
increasing ionic strength. After an initial pronounced decrease of G’ at low ionic strength, G’ 524 
slightly increased and verged towards a constant value at higher values of ionic strength. 525 
However, the value of G’ for the puree without Ca2+ addition was not reached. Observed trends 526 
were similar in reconstituted carrot purées with different ionic strengths (data not shown), 527 
indicating once more that especially the particle phase, rather than the serum phase, is affected 528 
by ion addition. 529 
 530 
Although negatively charged pectin was present at the particle surface and in the serum (under 531 
appropriate conditions), increasing the stiffness and strength of the purée by Ca2+ cross-link 532 
formation after Ca2+ addition turned out to be not possible in these carrot purées. Ca2+ appeared 533 
to neutralise negative charges rather than being involved in Ca2+ cross-link formation. 534 
Consequently, the rheological behaviour of carrot-derived suspensions was not dominated by the 535 
effects of pectin Ca2+ cross-link formation, but this behaviour turned out to be mainly affected by 536 
ions screening the negative charged particle surfaces. However, the different trend with ionic 537 
strength, depending on the type of added ions (Fig. 8), clearly shows that in case of Ca2+, other 538 
phenomena, such as Ca2+ cross-link formation, also contribute slightly to the rheology. Although 539 
the properties of pectin-calcium gels can be fine-tuned by changing pectin chemical structure 540 
(degree of branching, DM), system properties (e.g. pH, pectin or Ca2+ content) and 541 
environmental conditions (e.g. temperature) (Fraeye et al., 2010; Ngouémazong et al., 2012a; 542 
Ngouémazong et al., 2012b; Ngouémazong et al., 2012d), the complex suspensions investigated 543 
here turned out to behave rather different than pectin-calcium gels. Previously, it was 544 
demonstrated that particles present in particulate food suspensions may weaken a gel. In that 545 
context, Nussinovitch et al. (1991) and Fiszman and Durán (1992) reported a decrease in gel 546 
strength or firmness in different polysaccharides gel (tests did not include pectin) systems when 547 
pulp was added due to interference with the network formation. Genovese et al. (2010), on the 548 
other hand, concluded that gel strength of high-methoxylated pectin gels could be retained when 549 
small apple particles were added, depending on the particle concentration.  550 
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 551 
 552 
4. Conclusion 553 
In this work, the effect of calcium ions (Ca2+) in excess and pH on the rheological properties of 554 
carrot purées without extra added pectin was investigated. With a suitable heat treatment, pectin 555 
demethoxylation was accomplished, leading to low-methoxylated pectin in the serum and at the 556 
particle surfaces. The addition of Ca2+ in excess turned out to affect the rheological properties of 557 
carrot-derived suspensions prepared by blending and high-pressure homogenisation of the heat-558 
treated carrot tissue. The rheological characterisation showed that the rheological parameters of 559 
carrot-derived suspensions were not dominated by effects of Ca2+ cross-link formation of the 560 
intrinsic pectin. Results suggested that Ca2+ is possibly screening the negative charge of low-561 
methoxylated pectin present at the particle surface, especially at pH values above the pKa of 562 
GalA, reducing the rheological parameters of carrot-derived suspensions. Besides steric 563 
hindrance of particles, low serum pectin concentrations, due to insufficient pectin solubilisation, 564 
can be responsible for the fact that also between the chains of solubilised serum pectin no pectin 565 
network was formed. In the present work, separate investigations of the effects of pH and Ca2+ 566 
addition on the serum viscosity and the rheology of carrot-derived suspensions reconstituted in 567 
water, showed that pH and Ca2+ ions were affecting the particle phase rather than the serum. 568 
Future work focussing on the possibility to form Ca2+ cross-links in plant-tissue-based 569 
suspensions with higher serum pectin concentrations can therefore be recommended. By using 570 
targeted processing, the food composition can be tailored with the goal to obtain plant-tissue-571 
based systems with high serum pectin content, possibly altering the gelling properties of these 572 
systems. 573 
 574 
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Table 1 The intrinsic calcium (Ca2+) concentration, the degree of methoxylation (DM) and the 
concentration of non-methoxylated carboxyl (COO-) groups in carrot purée prepared from 
blanched carrot tissue without or with pretreatment at 60 °C for 24 h (HT1 and HT2, 
respectively). 
Heat 
treatment 
Intrinsic Ca2+ concentration 
(µmol/g) 
  DM  
  (%) 
COO- concentration 
(µmol/g) 
HT1 4.2 ± 0.1s 70.6 ± 2.7 4.8 
HT2 3.8 ± 0.1 39.1 ± 1.7 11.4 
s
 st dev 
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Table 2 Pectin properties of the serum phase in carrot purée obtained from blanched carrot 
pieces, without or with pretreatment at 60°C for 24 h (HT1 and HT2, respectively) (GalA = 
galacturonic acid; DM = degree of methoxylation; MM = molar mass; [η] = intrinsic viscosity; 
Cpolymer = serum pectin concentration; Cpolymer·[η] = coil overlap parameter). 
Heat 
treatment 
GalA content 
(µmol/ml) 
DM  
(%) 
MM 
(kDa) 
[η] 
(L/g) 
Cpolymer 
(g/L) Cpolymer·[η] 
HT1 4.47 ± 1.54s 49.98 ± 18.17 258.33 1.15 0.80 0.92 
HT2 2.26 ± 0.47 22.28 ± 33.84 139.32 0.80 0.40 0.32 
s
 st dev           
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Fig. 1. Schematic overview of the preparation of different carrot purées, carrot sera and 
reconstituted carrot-derived suspensions with different pH, different amount of Ca2+ and 
containing pectin with a different degree of methoxylation (HT1 = heat treatment at 95 °C for 5 
min; HT2 = heat treatment at 60 °C for 24 h followed by blanching step at 95 °C during 5 min; 
HPH = high-pressure homogenisation). 
Carrot pieces
HT1 / HT2
Blending
HPH
Carrot blend
+ H2O
Carrot purée
Carrot serum Carrot-derivedparticles
Reconstituted
carrot-derived suspensions
Carrot purée
No Ca2+
pH 3, 5 and 7
Ca2+
pH 3, 5 and 7
No Ca2+
pH 3, 5 and7
Ca2+
pH 3, 5 and 7
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Fig. 2. Effect of pH and Ca2+ on the storage modulus (G’) (A) and the ratio of the loss to the 
storage modulus (tanδ) (B) (at ω = 0.1 rad/s) (± standard error, n=2-3) of carrot purée derived 
from high- (■) and low- (■) methoxylated carrot tissue. Averages of rheological parameters of 
different repetitions of the purée preparation, represented on the same curve, marked with the 
same letter are not significantly different. 
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Fig. 3. Effect of pH and Ca2+ on the static (σ0S) (A) and dynamic yield stress (σ0D) (B) (± 
standard error, n=2-3) of carrot purée derived from high- (■) and low- (■) methoxylated carrot 
tissue. Averages of rheological parameters of different repetitions of the purée preparation, 
represented on the same curve, marked with the same letter are not significantly different. 
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Fig. 4. Effect of pH and Ca2+ on the serum kinematic viscosity (± standard deviation) from carrot 
purée derived from high- (■) and low- (■) methoxylated carrot tissue.  
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Fig. 5. Immunolabeling of low- (HT1) or high- (HT2) methoxylated carrot-tissue particles with 
anti-pectin antibodies JIM7, PAM1 and 2F4.  
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Fig. 6. Effect of pH and Ca2+ on the static yield stress (σ0S) (A) and storage modulus (G’) (at ω = 
0.1 rad/s) (B) (± standard deviation) of reconstituted carrot-derived suspensions derived from 
high- (■) and low- (■) methoxylated carrot tissue.  
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Fig. 7. Effect of pH and Ca2+ on the phase volume (± standard deviation) of reconstituted carrot-
derived suspensions derived from high- (■) and low- (■) methoxylated carrot tissue.  
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Fig. 8. Effect of ionic strength on the value of G’ for carrot-derived purées with similar pH (pH = 1 
5). The ionic strength was adjusted by the addition of CaCl2 (■) or NaCl (■) solutions with 2 
different ion concentration. The intrinsic ion concentration of the purée was negligible as 3 
compared to the amount of ions added and was not included in the calculation of the ionic 4 
strength. 5 
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- Ca
2+ 
addition and changes in pH can change the rheology of carrot-derived suspensions 
- At specific pH, Ca
2+ 
addition causes a decrease in network stiffness and strength 
- Ca
2+ 
affects the properties of the particle phase rather than those of the serum  
- Ca
2+ 
can screen the negative charge of low-methoxylated pectin 
 
